Abstract: A system involving W-band (75-110 GHz) optical millimeter (mm)-wave generation using the external optical modulator (EOM) in a radio-over-fiber (RoF) link is presented for satisfying the requirements for multi-gigabit-per-second data rates. A 90-GHz mm-wave signal was generated by a nonupling (nine times) increase in only a 10-GHz local oscillator by biasing the EOM at its zero level and choosing an appropriate modulation index. To achieve a fast transmission speed wirelessly, high spectral efficiency (SE), and better transmission performance, orthogonal frequency-division multiplexing (OFDM) is used. The bit error rate (BER) and error vector magnitude (EVM) of the system were measured for three different fiber lengths and for a wireless distance of 1-5 m. The results show that the system with the SE of ∼4 (b/s)/Hz and 16-ary quadrature amplitude modulation (QAM) 40-GB/s OFDM signals can be received by the end user with BER less than 3:8 Â 10 À3 and EVM less than 25% over a 50-km optical fiber and 3-m wireless link.
Introduction
Nowadays, to satisfy the increased requirements of high-speed data communication, wireless links which can provide multi-gigabit-per-second capacities to core networks are attracting increased attention. In this regard, radio-over-fiber (RoF) systems are being used as a strong and cost-effective solution to enhance the capacity and mobility of wireless links. RoF systems distribute information signals from a central station (CS) to a base station (BS) over an optical fiber. Examples of BSs include conference centers, airports, hotels, homes, and small offices. Multi-gigabit-per-second RoF links are realized by moving the carrier frequency from the congested low-frequency band to the millimeter (mm)-wave (1-10 mm) region with a frequency range of 30-300 GHz. Carrier frequency translation can be performed in either the electrical or the optical domain. High-frequency electrical signal generation using conventional electronics becomes less financially attractive for systems operating above about 26 GHz, and their distribution via wireless or coaxial methods is highly challenging when compared with optical methods [1] , [2] . Recently, several studies have attempted to generate mm-wave signals in the V-band (57-64 GHz) [3] , [4] and, for higher data rates, in the W-band (75-110 GHz) [5] - [11] . Although studies attempted to improve W-band RoF systems but, the practical generation of high-data-rate W-band signals remains challenging and requires more research to improve the system both technically and economically. Table 1 shows a comparison of some recent studies, the methods they developed to generate W-band signals, and the drawbacks of each method.
As seen from Table 1 , these methods suffered from problems such as spectrally inefficient modulation or narrow-line width lasers, which increase the cost, complexity, and efficiency of the overall system. Higher spectral efficiency (SE) and better transmission performance can be achieved using multi-carrier modulation schemes such as orthogonal frequency division multiplexing (OFDM) [12] . A W-band OFDM-RoF system employing direct-detection (DD) technology based on an optical carrier suppression scheme has been proposed [12] . This system was developed by cascading two single-drive Mach-Zehnder modulators (SD-MZMs) with a commercial distributed feedback (DFB) laser source. Although the computing complexity of laser phase estimation was mitigated at the receiver end, frequency translation was achieved using two highfrequency (21.5 and 38.5 GHz) local oscillators (LOs), which is practically unjustifiable and costly.
To solve the problems encountered in previous studies, in this study, a direct detection W-band system with a simple transmitter which uses only one low-frequency (10 GHz) LO and that exploits the characteristics of a dual-arm LiNbO 3 Mach-Zehnder modulator (LN-MZMs) to generate W-band OFDM signals is proposed. This system is advantageous in that it has used the same LO to create the nonupling signal for generating the W-band signal for RoF transmission. Moreover, in this project we have used optical carrier suppression (OCS) scheme which has the better conversion efficiency in comparison with other schemes such as optical double side band (ODSB) or OSSB þ Carrier [13] . Without considering data symbols, the optical-to-RF conversion efficiency can be approximated by P RF =P OPTICAL [13] , where P RF is the average RF power generated by a PD at the specific mm-Wave frequency, and P OPTICAL is the average optical power. The output field after the dual-arm LN-MZM is given as follows [14] :
Principle of Optical Carrier Generation
where E cðt Þ ¼ A c cos ! 0 t is a continuous-wave (CW) light wave with amplitude A c and angle fre- ! LO is the local oscillator's angular frequency and V LO , its amplitude voltage, and denotes the clock phase difference between the two arms of the LN-MZM. V b1 and V b2 are the bias voltages of the two arms, respectively, and V is the half-wave voltage of the modulator. is the powersplitting ratio of the two arms of the LN-MZM and , the insertion loss of the LN-MZM. For a good LN-MZM, the power-splitting ratio is $0.5 and the insertion loss is $0. From (1), the output field can be written as follows:
Here, m ¼ ð=V ÞV LO is the phase modulation index, and the constant phase shifts induced by the DC bias voltages V b1 and V b2 are, respectively, expressed as
By applying Bessel functions, (2) is transformed into
Equation (3) shows that the components of the optical spectrum depend on the bias voltages and relative phase , and therefore, optical mm-waves with different spectra can be generated by varying these parameters. Furthermore, the modulation index ðmÞ can be changed by simply varying the LO's amplitude voltage V LO . In the setup shown in Fig. 1 , only one 10 GHz LO is used for generating the mm-wave signal; therefore, to move into the W-band region, and the bias voltages should be selected so as to achieve an at least eight times increase in ! LO . Table 2 shows the parameters chosen for this purpose. Based on the parameters listed in Table 2 , (3) is simplified as follows:
Because J 4 ðmÞ has a greater value than the others, by using a demultiplexer, it is possible to take only two components of the spectrum (for n ¼ 2) which are 8! LO apart; therefore, the spectrum after using the demultiplexer is given as follows:
Equation (5) suggests that the output after using the demultiplexer has only two components: the upper optical carrier (UOC) shifted by ! 0 þ 4! LO and the lower optical carrier (LOC) shifted by ! 0 À 4! LO . These carriers are then assigned to generate the W-band OFDM signal, as described in the next section.
3. System Design 3.1. Radio-over-Fiber Fig. 2 shows the system design. First, the OFDM signal is up-converted using the LO from the optical carrier generation section, and then, the intensity of the UOC is modulated using an SD-MZM while the LOC is kept unmodulated. The optical filter is used to remove the UOC and the lower side band of the OFDM (LSB-OFDM); therefore, only the upper side band of the OFDM (USB-OFDM) is multiplexed by the unmodulated LOC.
The multiplexed optical signals are then transmitted through a single-mode fiber (SMF) and received by a PIN detector. After photodetection, an electrical OFDM signal with a centre frequency of 9! LO is generated, indicating that nonupling optical up-conversion is achieved. Here, by choosing ! LO ¼ 10 GHz, the desired W-band signal is generated. After electrical amplification, the generated signal is fed to the W-band antenna for wireless transmission.
W-Band Antenna and Wireless Transmission
To transmit and receive W-band signals, a dielectric resonator array antenna has been designed and used. A prototype of the dielectric resonator antenna (DRA) was fabricated and tested. Fig. 3 shows the simulated and measured S11 results of the designed DRA. Fig. 3 shows that the antenna range covers 75-110 GHz. The array antenna is mainly used to increase the antenna gain. It is noted that the measured gain is stable and exceeds 23 dBi in all operational bands. Full wave analysis of the antenna configurations was performed using CST Microwave Studio 2013 based on the finite integral technique [15] . This array antenna includes 4 Â 4 dielectric resonators as radiator elements. The size of each radiator is 2 mm Â 2 mm Â 2 mm with " r ¼ 6:15 to resonate at higher frequencies. Table 3 lists the specifications of the devices used in the system setup. An arbitrary waveform generator (AWG) is used to generate the baseband OFDM signal.
Experimental Setup
Based on Fig. 1 and the parameters presented in Tables 2 and 3 , as shown in Fig. 4(i) , the MZM generates LOC and UOC with centre frequencies of 193.06 and 193.14 THz, respectively, which are 80 GHz apart. The UOC and LOC are separated using a WDM demultiplexer. For data transmission, the up-converted BB-OFDM signal with 10-GHz bandwidth modulates the UOC using SD-MZM, the result of which is shown in Fig. 4(ii) . The data rate of the 16-QAM-OFDM signal is $40 GB/s. The LSB-OFDM and UOC are removed by an optical filter with a center frequency of 193.155 THz and 15 GHz bandwidth, and the spectrum after the filter is shown in Fig. 4(iii) . Now, USB-OFDM is multiplexed by unmodulated LOC, and as shown in Fig. 4(iv) , they are 90 GHz apart from each other. Hence, frequency nonupling is achieved in this step. Next, the multiplexed signal is amplified by an erbium-doped fiber amplifier (EDFA) and transmitted over an SMF link. In the base station, the modulated OFDM signal and unmodulated LOC that are 90 GHz apart are beaten to photodetector (u2t Photonics, XPDV4120R); therefore, after photodetection, the 90-GHz mm-wave electrical OFDM signal is amplified using a low noise amplifier (LNA) and then transmitted to the W-band antenna with 23-dBi gain. After wireless transmission, the W-band OFDM signal is received by a second W-band antenna with 23 dBi gain. Subsequently, at the customer unit, the received signal is amplified using LNA-Radiometer Physics, 75-110 GHz, and then, electrical down-conversion is performed in the W-band. The down-converted signal is further amplified in the frequency range of 0.7-12 GHz and then captured by a Tektronix Digital Phosphor Oscilloscope (DPO72504DX, 25 GHz) operated at a sampling rate of 50-100 GS/s. Baseband digital signal processing including one-tap equalization, demodulation, demapping, bit error rate (BER), and error vector magnitude (EVM) computation are performed offline. The EVM is defined as follows:
=d max (6) where d r and d l are the received and ideal symbols, respectively, and d max is the maximum symbol vector in the constellation. Here, N is the number of 16-QAM symbols [16] .
To estimate a BER from EVM, L is defined as the number of signal levels identical within each dimension of the (quadratic)constellation and Log 2 M as the number of bits encoded into each QAM symbol. The BER is then approximated by [16] BER
Results and Discussion
First, the system BER performance was tested based on the variation of the optical link length (B2B, 25-, and 50-km SMF) for a fixed wireless distance (2 m). Second, the EVM of the system , and À21.8 dBm sensitivities for R x at B2B, 25-, and 50-km fiber transmissions, respectively. Therefore, power penalties of 1.3 and 2.5 dB are calculated for 25-and 50-km SMF transmissions at the BER threshold.
In the second case shown in Fig. 6 , the dependence of system performance on the wireless distance was investigated. Here, the received optical power was adjusted at À7 dBm using variable optical attenuator (VOA), where the wireless distance was varied from 1 to 5 m. With an increase in the wireless distance, the free-space path loss causes degradation of the EVM performance. According to [16] , the EVM threshold for successful communication is 5%, 7%, and 10% for 64-QAM, 32-QAM, and 16-QAM modulation, respectively. Therefore, based on Fig. 6 , in this study, the acceptable wireless distances for 16-, 32-, and 64-QAM OFDM signals are 3.5, 2, and 1 m, respectively. It can be seen that the system can support a maximum wireless transmission distance of 3.5 m, and therefore, it could be stated that the wireless W-band transmission is suitable for indoor or short-range access systems.
The Fig. 6 also shows eye diagrams of the system at 3-m distance for 16-, 32-, and 64-QAM OFDM signals. For 3-m distance, the 16-QAM OFDM signal outperforms the others. Therefore, the transmission and reception of 40 GB/s modulated 90-GHz signals over 50-km optical fiber and 3-m wireless links a spectral efficiency of $4 (b/s)/Hz was demonstrated.
Conclusion
In this study, an LN-MZM system has been demonstrated through detailed discussions of the mm-wave signal generation system for W-band RoF applications. High-bitrate data transmissions are achieved using a 10 GHz bandwidth centered on 90 GHz. The OFDM technique is used to transmit data over the RoF link. The efficiency of the system was evaluated using BER and the EVM measurement curve. Based on the results discussed earlier, it can be concluded that the system with a 16-QAM 40 GB/s OFDM signal can be received by the end user with acceptable BER and EVM over a 50-km optical fiber and a 3-m wireless link with a spectral efficiency of $4 (b/s)/Hz.
